We tested the effect of 100% oxygen on heart rate (HR), arterial blood pressure (ABP), cardiac output (CO), stroke volume (SV), total peripheral resistance (TPR), HR variability (HRV), systolic blood pressure variability (SBPV) and baroreflex sensitivity (BRS) in 20 healthy volunteers during simulated haemorrhage induced by -40 mmHg lower body negative pressure (LBNP). HRV in the high frequency region (HRV HF ), BRS, ABP and TPR were significantly increased, SBPV in the low frequency region (SBPV LF ), CO and SV were unchanged, and HR was significantly decreased by 100% oxygen administration during normovolaemia. HRV HF , BRS, CO and SV were significantly decreased, SBPV LF and ABP were unchanged, and HR and TPR were significantly increased by LBNP during 21% or 100% oxygen administration. There were no significant differences in cardiovascular autonomic and haemodynamic responses to LBNP during 21% or 100% oxygen administration, suggesting that 100% oxygen does not alter normal cardiovascular autonomic responses during simulated haemorrhage.
Introduction
Acute haemorrhage, which can provoke cardiovascular instability, occurs frequently during surgery. Cardiovascular autonomic function plays an important role in maintaining cardiovascular homeostasis. 1 Autonomic indices, such as heart rate variability (HRV) and baroreflex sensitivity (BRS), may be potential markers of the severity of haemorrhage, and tracking of autonomic changes may be important in patients that are bleeding during their potential progression to haemodynamic instability. 2 A high concentration of oxygen is routinely administered as an adjunct to volume replacement during acute haemorrhage, and it has been known to increase parasympathetic activity and arterial-cardiac baroreflex function in the YK Kim, IG Jun, SR Kim et al. Oxygen and autonomic response to haemorrhage normovolaemic state. 3 Despite the great importance of oxygen therapy, to the best of our knowledge little is known about the influence of oxygen on cardiovascular autonomic regulation, which is critically important for the short-term regulation of blood pressure during acute haemorrhage.
This study was, therefore, designed to evaluate the effect of 100% oxygen administration on cardiovascular autonomic function during simulated haemorrhage in healthy volunteers. In order non-invasively to evaluate cardiovascular autonomic and haemodynamic responses to acute haemorrhage, we used a lower body negative pressure (LBNP) chamber, which can provoke the redistribution of blood from the upper body to dependent regions of the pelvis and legs. 4
Subjects and methods SUBJECTS
Young healthy volunteers were recruited. None of the subjects was taking any medications that could affect autonomic or cardiovascular function. All fasted for 6 h prior to the experiment. Based on a medical history and resting electrocardiogram (ECG), all of the study subjects were free of cardiovascular disease. The nature, purpose and possible risks of the study were carefully explained to each subject, and each provided signed, informed consent. The experimental protocols were approved by the Institutional Review Board of Asan Medical Centre, Seoul.
MEASUREMENTS
Pulse oximetry (S/5™; Datex-Ohmeda, Helsinki, Finland) was applied to measure peripheral oxygen saturation, and lead II ECG was used to monitor heart rate (HR) (model VSM ® 5; Physio-Control International, Redmond, WA, USA). A Finometer ® device (Finometer ® model 1;
FMS, Finapres Medical Systems, Arnhem, The Netherlands) attached to each subject's middle finger, was used to measure continuous, beat-to-beat arterial blood pressure (ABP) non-invasively and cardiac output (CO) was calculated from the Finometer ® blood pressure waveform by the Modelflow ® program incorporated into the BeatScope ® software program version 1.0 (TNO-TPD Biomedical Instrumentation, Amsterdam, The Netherlands). 5 Stroke volume (SV) was calculated from the ratio of CO to HR, and total peripheral resistance (TPR) was calculated from the ratio of mean blood pressure (MBP) to CO. Usually, Modelflow ® CO must be calibrated using a standard technique such as thermodilution, but it may also be expressed as a relative change from baseline value with the same precision. 6, 7 We confirmed that CO was similar at the second visit for each subject (the difference between baseline CO measured at the first and second visit was within 0.5 l/min) before any experiments were performed.
To administer 100% or 21% oxygen without air leaks, a face mask was fixed firmly around the mouth and nose of each subject, and connected to an anaesthesia care-station (S/5™ Avance; Datex-Ohmeda, Cheshire, CT, USA) by means of a semiclosed circuit. Inspiratory and expiratory gases were sampled above the mask. Respiratory rate, tidal volume, end-tidal carbon dioxide concentration, and inspired and expired oxygen saturations were measured by a gas analyser (S/5™; Datex-Ohmeda, Helsinki, Finland).
STUDY PROTOCOL
Before each experiment, subjects were familiarized with all procedures and measurements, and all subjects were encouraged to remain relaxed. All YK Kim, IG Jun, SR Kim et al. Oxygen and autonomic response to haemorrhage experiments were conducted with the subject supine and comfortable in a semi-cylindrical LBNP chamber that was sealed at the level of the iliac crests. The environment was temperature controlled (22 -24 °C) . The pressure in the LBNP chamber was determined using a manometer and was reduced to the desired level using an industrial vacuum cleaner controlled by a variable transformer. Subjects breathed with a controlled frequency of 0.25 Hz (15 breaths/ min) with the help of a recorded tape.
The cardiovascular autonomic and haemodynamic effect of 100% or 21% oxygen during LBNP was evaluated using a randomized crossover design involving two visits, 1 week apart. After a 30 min acclimatization period, 100% or 21% oxygen was delivered at a rate of 10 l/min for 30 min via a face mask connected to an anaesthesia circuit. This was followed immediately by application of LBNP at -40 mmHg for 6 min, with haemodynamic measurements recorded throughout. Subjects were instructed to avoid any leg muscle movement during LBNP. Movements and muscle contractions during LBNP were also prevented by a saddle in the LBNP chamber. LBNP was terminated immediately if the subject developed blurred vision, nausea, pallor, headache, dizziness, sweating, > 30 mmHg/min reduction in systolic blood pressure (SBP), a progressive reduction in SBP (< 80 mmHg), or a sudden decrease in HR (> 15 beats/min).
DATA MANAGEMENT
Beat-to-beat ECG and ABP signals were digitized and collected at 500 samples/s using an on-line personal computer connected to an analogue-to-digital converter (DI-720U; Dataq Instruments, Akron, OH, USA). Signal processing software (DADiSP ® ; DSP Development Corporation, Newton, MA, USA; Advanced CODAS; Dataq Instruments) was used for all off-line data analysis, as well as for determination of R-R interval (RRI) and peak SBP during each cardiac cycle. Markers were placed in the ECG and ABP waveforms, indicating the positions of the detected R wave and systolic peaks, and any errors in peak detection were edited manually.
Frequency-domain analysis of variability was performed on beat-to-beat RRI and beatto-beat SBP using a power spectrum analysis technique based on the Welch periodogram averaging algorithm. 8 Briefly, to obtain equidistant time intervals, a 300 s time series of beat-to-beat RRI and ABP free from ectopic beats was interpolated at 5 Hz. Each time series was divided into five equal segments of 100 s each, overlapping by 50 s, following which each was detrended, Hanning filtered, and fast Fourier transformed to its frequency representation of HRV and SBP variability (SBPV). This method yielded a frequency resolution of 0.01 Hz. The resulting five periodograms were averaged to produce the estimated spectrum. The areas under the power spectra in the low frequency (LF) and high frequency (HF) regions (defined as 0.04 -0.15 and 0.15 -0.40 Hz, respectively) were integrated and used for statistical comparison.
Two methods were used to assess the effect of 100% oxygen administration during LBNP on BRS. First, the transfer function gain between SBP and RRI was estimated using the cross-spectral method. 9 -11 The transfer function gain between HRV and SBPV was determined separately as an index of BRS in the LF (BRS LF ) and HF (BRS HF ) regions, where coherence was > 0.5. Secondly, BRS by the sequence method (BRS SEQ ) was used. This analysed the continuous relationship between beat-to-beat fluctuations in SBP and RRI, using thresholds of 1 mmHg for SBP and 4 ms for RRI. 9,12 Sequences in which RRI or SBP increased or decreased concurrently over YK Kim, IG Jun, SR Kim et al. Oxygen and autonomic response to haemorrhage three or more beats were identified. Regression slopes were calculated in those sequences with correlation coefficients > 0.85. BRS SEQ was defined as the average value of the individual slopes during this period.
STATISTICAL ANALYSIS
Measurements were averaged during the last 5 min of 100% or 21% oxygen administration and the last 5 min at -40 mmHg LBNP. Each 5-min steady data set was plotted and examined for variance. Although the sample size of 19 subjects was determined by power analysis (α = 0.05, β = 0.2) on the basis of a pilot study, on the assumption that a 30% difference in cardiovascular autonomic changes would be significant, 20 subjects were actually included in the present study. The distribution of all variables was determined; when a variable was not distributed normally, a log transformation was performed to obtain a normal distribution. Comparisons for each cardiovascular autonomic and haemodynamic variable were performed by using two-way repeated measures ANOVA (with the Bonferroni post-hoc test). All variables are presented as mean ± SD. A P-value < 0.05 was considered statistically significant.
Results
Twenty young healthy volunteers (eight males, 12 females; aged 22 -34 years; weight 45 -87 kg; height 156 -182 cm) were recruited. Experimental procedures were completed on all 20 subjects without any complications. Peripheral oxygen saturation was significantly higher after administration of 100% oxygen than after administration of 21% oxygen (100 ± 0% versus 97.2 ± 0.3%, respectively; P < 0.05). The respiratory rate, however, was similar after administration of 100% or 21% oxygen (15.0 ± 0.1 versus 15.0 ± 0.2 breaths/min, respectively). Tidal volume did not differ significantly after administration of 100% or 21% oxygen (439.1 ± 89.0 versus 452.8 ± 95.1 ml, respectively), and the end-tidal carbon dioxide concentration decreased significantly after administration of 100% oxygen compared with 21% oxygen (33.2 ± 2.4 versus 35.0 ± 2.6 mmHg, respectively; P < 0.05). During administration of 100% oxygen, the difference between inspired and expired oxygen saturation, sampled from the breathing circuit above the face mask, was always within 6%.
CARDIOVASCULAR AUTONOMIC AND HAEMODYNAMIC RESPONSES TO 100% OXYGEN ADMINISTRATION DURING NORMOVOLAEMIA
The cardiovascular autonomic indices HRV in the HF region (HRV HF ) and BRS were increased significantly (P < 0.05), and HRV in the LF region (HRV LF ), and SBPV in the LF (SBPV LF ) and HF (SBPV HF ) regions were unchanged by 100% oxygen administration before application of LBNP (i.e. the normovolaemic state [pre-LBNP]) ( Table 1) . The haemodynamic variable HR was decreased significantly (P < 0.05), RRI, TPR and ABP (SBP, MBP, DBP) were increased significantly (P < 0.05), and CO and SV were unchanged by 100% oxygen administration during normovolaemia (Table 2) .
CARDIOVASCULAR AUTONOMIC AND HAEMODYNAMIC RESPONSES TO LBNP DURING 21% AND 100% OXYGEN ADMINISTRATION
The cardiovascular autonomic indices HRV HF and BRS (except BRS LF at 21% oxygen administration) were decreased significantly (P < 0.05), and HRV LF , SBPV LF and SBPV HF were unchanged by the application of -40 mmHg LBNP during 21% or 100% oxygen administration (Table 1; Figs 1 and 2) . The haemodynamic variables HR and TPR were increased significantly (P < 0.05), RRI, CO and SV were decreased significantly (P < 0.05), and ABP (SBP, MBP, DBP) was unchanged by the application of -40 mmHg LBNP during administration of 21% or 100% oxygen (Table 2 ). There were no significant differences in cardiovascular autonomic and 232 YK Kim, IG Jun, SR Kim et al. Oxygen and autonomic response to haemorrhage FIGURE 1: Changes in heart rate variability in the high frequency region (HRV HF ) and systolic blood pressure variability in the low frequency region (SBPV LF ) before (pre-LBNP) and during application of a lower body negative pressure (LBNP) of -40 mmHg in 20 healthy volunteers. Values are mean ± SD. Note that during pre-LBNP, only HRV HF differed significantly between 100% and 21% oxygen administration (*P < 0.05), but HRV HF during LBNP and SBPV LF during pre-LBNP and LBNP did not differ significantly between 100% and 21% oxygen administration. † P < 0.05 for pre-LBNP versus the same oxygen level at -40 mmHg LBNP 
Discussion
We tested the cardiovascular autonomic response to breathing 100% oxygen in healthy volunteers during simulated haemorrhage or central hypovolaemia induced by LBNP. During the application of -40 mmHg LBNP we found that cardiovascular autonomic indices, such as HRV HF , SBPV LF and BRS, during administration of 100% oxygen did not significantly differ from those observed during administration of 21% oxygen. Moreover, we found that haemodynamic variables, such as RRI, HR, ABP, CO, SV and TPR, also did not differ significantly in subjects administered 100% and 21% oxygen during the application of LBNP.
A high concentration of oxygen has been shown to increase cardiac vagal activity and baroreflex function during normovolaemia. 3, 13 We demonstrated that administration of 100% oxygen increased both HRV HF , which is influenced predominantly by parasympathetic activity and respiration, 14 and BRS, as assessed by transfer function analysis and the sequence method during normovolaemia. Administration of 100% oxygen, however, did not change SBPV LF , which is mediated by changes in peripheral vascular resistance and determined by changes in sympathetic activity during normovolaemia. 15 These findings are consistent with previous studies showing that hyperoxia increases parasympathetic influence on the regulation of the heart, 16 and that parasympathetic activity and spontaneous arterial baroreflex function increased linearly with inspired oxygen concentration whereas SBPV LF did not change significantly. 3 Although the exact mechanisms of action of 100% oxygen administration on cardiovascular autonomic changes are not clear, oxygen may increase TPR by peripheral vasoconstriction, resulting in an increased BRS. Alternatively, oxygen may deactivate peripheral chemoreceptors by increasing arterial oxygen concentration, thereby increasing parasympathetic activity.
In agreement with some previous studies, we found that a high concentration of oxygen increased TPR and reduced HR during normovolaemia. 13, 17 In contrast, other investigators have suggested that a high concentration of oxygen has no effect 18, 19 or decreases TPR. 20, 21 We also observed that a high concentration of oxygen had no effect on CO during normovolaemia.
This finding was inconsistent with previous reports, which demonstrated that CO was decreased by 100% oxygen administration. 13, 22 Moreover, our finding that a high concentration of oxygen had no effect on SV during normovolaemia was consistent with some previous studies, 19, 22 but stands in contrast to reports that have demonstrated a high concentration of oxygen to decrease SV. 13, 23 Although our results do not enable us to propose clear mechanisms for the apparent inconsistencies with previous work, a high concentration of oxygen might increase TPR by systemic vasoconstriction, leading to a reduction in HR by stimulation of the baroreflex. Furthermore, the different and more complex changes in ABP and CO, provoked by a high concentration of oxygen, might be influenced by the range and magnitude of changes in TPR, SV and HR.
The LBNP technique was first introduced to study circulatory responses to simulated gravitational shifts of blood in humans. 24 LBNP induces fluid shifts by pooling blood in the legs and abdomen, and activates a number of cardiovascular adjustments that YK Kim, IG Jun, SR Kim et al. Oxygen and autonomic response to haemorrhage work to maintain central blood volume and blood pressure. Although LBNP below -20 mmHg has been understood to 'unload' cardiopulmonary receptors, LBNP above -20 mmHg modulates cardiovascular changes by unloading both arterial and cardiopulmonary baroreceptors. 25 -27 LBNP can be used experimentally non-invasively to simulate haemorrhage in humans. LBNP in the -10 to -20 mmHg range is comparable with a blood loss of 400 -550 ml. LBNP at -20 to -40 mmHg is comparable with a blood loss of 550 -1000 ml, and more than -40 mmHg LBNP is comparable with blood loss of at least 1000 ml. 4 We therefore used -40 mmHg LBNP to unload both carotid and cardiopulmonary baroreceptors and to simulate moderate haemorrhage.
The procedure of LBNP is safe because any symptoms and signs of presyncope can be immediately resolved by terminating the decompression. In the present study, the experimental procedures were completed on all 20 subjects without any complications. Issues of safety and reproducibility have been reviewed in detail by Convertino. 28 There are conflicting reports about the effect of LBNP on baroreflex function, with BRS described as either increased 25, 29 or unaffected by LBNP. 30, 31 In contrast to some earlier studies, 32, 33 we found that BRS was decreased during the application of LBNP. These inconsistencies between studies might be the result of different methods used for assessing BRS in each study, different durations of application of LBNP, the stimulation of different baroreceptors by different pressures used during LBNP, and/or interactions between cardiopulmonary and arterial baroreceptors. We also found that SBPV LF , which is associated with vasomotor tone, was unchanged by -40 mmHg LBNP, in agreement with previous results. 34 In addition, haemodynamic responses to LBNP in the present study confirm previous findings that HR and TPR were increased, CO and SV were decreased, and ABP was unchanged by the application of -40 mmHg LBNP. 35 Lower body negative pressure caused a reduction in HRV HF , BRS, CO and SV along with increases in HR and TPR in subjects administered 21% and 100% oxygen. There were, however, no significant differences in cardiovascular autonomic and haemodynamic responses to LBNP of subjects administered 21% or 100% oxygen. These findings suggest that short-term high oxygen concentration, simulating haemorrhage or central hypovolaemia induced by LBNP, does not positively impact haemodynamic stability, as assessed by cardiovascular autonomic regulation.
The baroreflex function may be one of the most important cardiovascular control mechanisms regulating HR and sympathetic activity to the blood vessels. 1 Although it is important to assess BRS, the best method to evaluate BRS in specific clinical situations has not yet been determined, because different BRS assessment methods may yield different absolute values due to technical and physiological factors. In the future, assessment of BRS using different methods may provide deeper insight into individual patterns of cardiovascular autonomic control. In the present study, we used two methods to evaluate BRS: the frequency domain technique based on a transfer function and the time domain technique based on a sequence method.
The results of our study should be interpreted with some caution. First, respiration is important in the regulation of cardiovascular variability. In particular, HRV HF is a quantitative assessment of respiratory sinus arrhythmia (RSA) and has been shown to be strongly dependent on respiratory rate and tidal volume. 36 
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Although our subjects used a fixed breathing frequency to enable us to obtain more reliable HRV values, tidal volume tended to increase. This change was small, however, and may not have been important in increasing HRV HF . Furthermore, in contrast to previous work suggesting that increased carbon dioxide increases the magnitude of RSA, 37 we observed a decrease in carbon dioxide, which was probably due to increased tidal volume. Accordingly, we believe that the respiratory changes we observed had little effect on HRV. Secondly, although the LBNP chamber may be an effective test system in which to study cardiovascular responses to acute haemorrhage in humans, this particular LBNP model did not mimic all possible responses observed in traumatic haemorrhage, including induced tissue trauma and subsequent metabolic acidosis. Lastly, we did not perform arterial blood gas analysis to calculate arterial oxygen concentration. It was unlikely that air leakage into the face mask occurred during administration of 100% oxygen, because differences between inspired and expired oxygen saturations were always < 6%.
In conclusion, the present study demonstrated that changing the inspired oxygen levels does not significantly alter normal cardiovascular autonomic responses during simulated haemorrhage induced by LBNP. High inspired oxygen levels can alter some cardiovascular autonomic and haemodynamic parameters during normovolaemia. Cardiovascular autonomic function also changes in response to haemorrhage and may be a useful indicator of impending hypovolaemic shock.
